Test methods, both the common ones currently used in self-compacting concrete (SCC) and relatively new ones that are being developed to assess the segregation of SCC, are introduced in this paper. The paper concentrates on the relevance of the method to evaluate the resistance of segregation tests and the focus is on the measurement of the segregation of fresh SCC. This paper also describes a new test "settlement column segregation" for testing fresh segregation of SCC. The development of the settlement column segregation test and the parameters in terms of test result to describe acceptable and non-acceptable SCC, and possible applications of the test method are addressed. The Belgium settlement column test, having small dimensions and which the concrete is stroked with a bar unseated of jolting, was also used. Other test to assess the segregation of fresh SCC, wet sieving segregation test manual was used. The repeatability and the reproducibility of the settlement column test segregation are also investigated.
INTRODUCTION
Segregation is generally defined as separation of the constituents of a heterogeneous mixture resulting in their non-uniform distribution. In fresh concrete, segregation of the various solid materials may occur as a result of an upward migration of fines and sedimentation of the aggregates. Good segregation resistance means that the distribution of aggregate particles in the concrete are relatively equivalent at all locations and all levels. It also means that concrete should not segregate in vertical and horizontal directions. The RILEM compendium of tests "Workability and rheology of fresh concrete" describes three tests to assess the segregation of fresh concrete (1) . These tests are the penetration test (2, 3) , the settlement column segregation test (4) , and the wet sieving stability (1) . The segregation of fresh concrete was investigated using the distribution of the coarse aggregate taken from the upper, middle and lower sections from 110 x 400-mm settlement column and washed in a 5-mm sieve (5) . The spread of a pile of concrete subjected to jolting (ASTM C124) gives an indication of the consistency of the concrete and its tendency to undergo segregation during the flow. The susceptibility of fresh concrete to coarse aggregate separation can be assessed by observing the material scattering following a drop over a cone from two hoppers (6) . The distribution of coarse aggregate in a core sample offers another means to determine segregation in hardened concrete (7) . A new method based on electric conductivity was used to assess the behaviour of fresh cement-based materials during the compaction, setting, and early hardening periods (8) . The method relies on differences in electrical conductivity measured at different depths, and as a function of time, to evaluate variations in the local composition (solids, fluids) of the material.
The present paper presents the development of a new test method to assess the fresh segregation of self-compacting concrete (9) . The test method is based on the settlement column which is filled with fresh concrete and jolted. The result of the test is expressed as a ratio of the mass of the coarse aggregate in the top sample to the mass of the coarse aggregate in the bottom sample. The segregation of fresh SCC was also determined by using the wet sieving test method.
EXPERIMENTAL PROGRAMME
The experimental programme consisted of two phases. The first phase concentrated on the investigation of the repeatability and sensitivity of the wet sieving segregation test and settlement column segregation test. Properties of fresh concrete were evaluated. Five replicate tests were used for the assessment of the repeatability for three mixtures Mix 1, Mix 2 and Mix 3. The three mixtures were prepared with 0.85, 1.70 and 2.55% of superplasticizer (% of cementitiuous materials). Each mixture was repeated five times using the wet sieving segregation test and the settlement column segregation test in which the concrete is stroked with a bar and jolted. The sensitivity was also evaluated using t-student test to compare the significance of the difference between the three mixtures. In the second phase, the reproducibility of the settlement segregation test was investigated.
MATERIALS PROPERTIES
The concrete mixtures investigated in this study were prepared with normal Portland cement and limestone powder. The cement used conformed to Standard BS.12:1996. The limestone powder, with 98% < 45 µm and 25% < 5 µm, is produced from very high purity carboniferous limestone. The relative density of the limestone powder was 2.65 and was finer than cement.
Continuously graded crushed granite aggregate with a nominal particle size of 20 mm was used. A well-graded quartzite sand with a fineness modulus of 2.74 was employed. The relative density values of the coarse aggregate and sand were 2.62 and 2.56, and their absorption rates were 0.8% and 1%, respectively. A copolymer-based superplasticizer was used which had solid content and specific gravity of 30% and 1.11, respectively. This superplasticizer was used at dosages varying from 0.85 to 2.55%, by mass of powder. Table 1 summarizes the proportions of SCC mixtures investigated in this study. The SCC mixtures contain high-volume replacements of limestone powder to enhance fluidity and cohesiveness and limit heat generation. Such materials are generally less reactive than cement and can reduce the problems resulting from fluidity loss of the concrete. 
PROPORTIONS OF MIXTURES USED

TEST METHODS USED
Three tests were used in this investigation to determine the segregation resistance of fresh concrete: the wet sieving segregation test and the settlement column segregation test with two types of dimensions.
Wet sieving segregation test
The wet sieving segregation test (WSS) aims to determine the possibility of an SCC mixture segregating by placing a sample into a 5-mm sieve and then calculating the percentage, which passes through during a standard period of time. The test apparatus consists of a 5 mm sieve, which is placed on top of a collection pan, a 10 litre sample bucket, a 2 litre pouring container and a pouring frame (Fig. 1) .
Fig. 1: Wet sieving segregation test (WSS)
A uniform sample of SCC is taken and placed into the 10 litre sample bucket until it is full and is allowed to stand static for a period of 15 minutes. The theory is that, if the concrete is susceptible to segregation, the coarse aggregate particles will settle to the lower area of the bucket to leave the top part of the sample predominantly mortar. The top part of the sample is then poured from the sample bucket into the 2 litre pouring container -if segregation is severe this will mostly be mortar. The concrete within the pouring container is then emptied into the 5-mm sieve from a height of 500-mm from a frame and is allowed 2 minutes to flow through. The mass of the total sample poured onto the sieve is determined and recorded as the M 1 value, and the mass of the sample, which passes through the sieve, is determined and recorded as the M 2 value. The percentage passing the sieve can then be calculated by equation (1) . The higher the percentage passing the sieve, the greater is the likelihood of segregation being present 
Settlement column segregation test
As mentioned, there are no widely accepted test methods for quantitatively assessing the segregation resistance of fresh SCC. Research conducted at the ACM Centre suggests that a new method developed by the authors, the settlement column segregation test, shows potential as being a method for quantitatively assessing fresh SCC's resistance to segregation.
The settlement column segregation test (SCS) comprises a small column of SCC mixture with internal dimensions of 500 mm x 150 mm x 100 mm (Fig. 2 ) being subjected to a controlled jolting action followed by a 5 minute settlement period. A sample is then taken from the top and the bottom of the column via hinged doors and the mortar is washed out through a 5 mm sieve. The theory behind the test is that, if the mortar is unable to uniformly suspend the coarse aggregate particles, gravity and the force caused by the impact of the jolting will cause them to settle towards the bottom of the column. The mass of the coarse aggregate in the samples is then compared. If it is found that there is a significantly higher mass in the bottom sample than in the top then it suggests that there is a risk of segregation. The result of the test is expressed as a ratio of the mass of the coarse aggregate in the top sample to the mass of the coarse aggregate in the bottom sample.
The Belgium settlement column segregation test (BSCS) consists of a smaller column (400 mm x 100 mm x 100 mm internal dimensions) and involves the sample being rodded with a tamping bar similar to that used in the standard slump test. The concrete is allowed a settlement period of 15 minutes after rodding to ensure that a fair comparison could be made with the settlement column segregation test (Fig. 2) .
Fig. 2: Settlement column segregation test (SCS) and the Belgium test (BSCS)
RESULTS AND DISCUSSION
The slump flow of mix 1 was 550 mm, however mix 2 and mix 3 had a high slump flow of 745 and 755 mm. The blocking ratio L-box test (1, 10) of mix 1 was 0.81 and of mix 2 and mix 3 was 1. Tests on the blocking ratio, h 2 /h 1, of mixtures 1 and 2 indicated a good passing ability and the blocking ratios were greater than 0.90 (1, 10). The higher blocking ratio reflects the excellent deformability without blockage among closely spaced obstacles and the capability of highly flowable concrete to self-compacting.
Repeatability
The results of the wet sieving segregation test of the five replicates of mix 1, mix 2 and mix 3 made from 5 separate batches of SCC are given in Table 2 , in order to estimate the degree of error. Table 2 indicates also the average measured WSS tests of the five replicate BSCS SCS mixtures, coefficients of variation (COV), as well as the relative errors with 95% confidence limit for each mixture. The COV of WSS test for mix 1 and mix 2 were 33%. The estimated errors for the WSS test for mix 1, mix 2 and mix 3 were ± 1%, ± 8.9%, and ± 6.4%, respectively. The relative experimental error for mix 3 is shown to be limited to 14.7%. On the other hand, the relative error of WSS for mix 1 and mix 2 was approximately 45%, which was very high. Therefore, the repeatability of the WSS test was considered not acceptable.
The results of the settlement column segregation (SCS) test using jolting technique of the five replicates of mix 1, mix 2 and mix 3 of SCC are given in Table 2 . Table 2 indicates the average measured SCS tests of the five replicate mixtures, coefficients of variation (COV), as well as the relative errors with 95% confidence limit for each mixture. The COV of SCS test for mix 1 and mix 2 were 4 and 6.3%, respectively. The estimated errors for the SCS test for mix 1, mix 2 and mix 3 were ± 0.06%, ± 0.07%, and ± 0.08%, respectively. The relative experimental errors for mix 1 and mix 2 are shown to be limited to 5.5 and 8.7%. On the other hand, the relative error of SCS test for mix 3 is approximately 20.5%, which was quite high because of the high risk of segregation.
With the Belgium settlement column segregation test, the results of the repeatability of mix 1, mix 2 and mix 3 are given in Table 2 . The COV of mix 1 and mix 2 were 2.6 and 5.3%, respectively. However, the COV of mix 3 was very high (22%). The estimated errors of the BSCS test of mixtures 1 and 2 were ± 0.04% and ± 0.06% while it was ± 0.12% for mix 3. The relative experimental error for mix 1 and mix 2 are shown to be limited to 3.6 and 7.4% which were comparable to those obtained with the SCS test. However, the relative error for mix 3 was 30.6% which was higher than that obtained with the SCS test (20.6%).
Sensitivity
The objective of the sensitivity is to study the effect of variations in dosage of the superplasticizer on the segregation resistance of three test methods. The statistical analysis tool (t-student test) was used to determine whether two sets of results are so different from each other that they cannot come from the same sample, i.e. are significantly different from one another. For example, when considering the WSS test, it is possible to compare the 5 replicate results obtained from mix 1 with the 5 replicate results obtained from mix 2. The tabulated results, with which the t value is compared, in order to determine if the difference between two groups of results is significant, can be seen in Table 2 .
For the WSS test, it was found that at a significance level (α = 1%), the differences of mix 1 vs. mix 2, and mix 2 vs. mix 3 were statistically highly significant (t = 5.3 and 5.6). These results indicate that the WSS test is sensitive to the variation of the dosage of the superplasticizer. The WSS test was able to detect non-severe segregation (as it could differentiate between mix 1 vs. mix 2) to severe segregation (as it could differentiate between mix 2 to mix 3).
Similar analysis was also applied to the results of the SCS test. The same comparisons between mix 1 and mix 2, and mix 2 and mix 3 were evaluated. It was also found that the differences of mix 1 vs. mix 2 and mix 2 vs. mix 3 were statistically highly significant at level α = 0.1% (t = 8.3 and 10.4). This appeared to support the previous findings with the WSS test for the sensitivity of the variation of the dosage of SP. The SCS test was able also to detect non-severe to severe segregation. 
CONCLUSIONS
Based on the above results presented in this paper, the following conclusions can be drawn:
• The repeatability of the wet sieving segregation test was considered not acceptable. The coefficient of variation and the relative error at 95% of confidence limit were up to 10% and 15%, respectively. The coefficient of variation of mix 1 and mix 2 were up to 33%.
• The repeatability of the settlement column segregation test (SCS) was acceptable. The relative error of mix 1 and mix 2 was less than 8.7%. However, the relative error of mix 3 was higher because of the higher risk of segregation of this mixture.
• The wet sieving segregation test (WSS) was sensitive to the variation of the dosage of superplasticizer. The WSS test was able to detect non-severe segregation (mix 1 vs. mix 2) to severe segregation (mix 2 vs. mix 3).
• The settlement column segregation test was statistically highly significant at level α = 0.1% to the variation of the dosage of superplasticizer. The settlement column test was able also to detect non-severe to severe segregation.
• The repeatability of the Belgium settlement column segregation (BSCS) test was acceptable. However, the coefficient of variation and the relative error were higher than those obtained by the settlement column test for mix 3.
• The BSCS test was also sensitive to the variation of superplasticizer.
